Context. Dwarf galaxies found in isolation in the Local Group (LG) are unlikely to have interacted with the large LG spirals, and therefore environmental effects such as tidal and ram-pressure stripping should not be the main drivers of their evolution. Aims. We aim to provide insight into the internal mechanisms shaping LG dwarf galaxies by increasing our knowledge of the internal properties of isolated systems. Here we focus on the evolved stellar component of the Aquarius dwarf galaxy, whose kinematic and metallicity properties have only recently started to be explored. −27 deg, broadly consistent with the optical projected major axis. This rotation signal is significantly misaligned or even counter-rotating to that derived from the HI gas. We also find the tentative presence of a mild negative metallicity gradient and indications that the metal-rich stars have a colder velocity dispersion than the metalpoor ones.
Introduction
Dwarf galaxies are objects of great interest for galaxy formation and evolution studies because they are the smallest and most numerous galaxies in the Universe. The Local Group (LG) hosts a large number of these systems, which can be studied in great detail: it is possible to gather in-have relatively small masses and this arguably makes their evolution susceptible both to internal and external effects. The study of the LG dwarf galaxies found in isolation 1 is therefore valuable, as these offer a cleaner view than satellite galaxies into the internal mechanisms that have shaped the evolution of systems at the low end of the galaxy mass function. However, due to their larger distance from us, it is challenging to obtain large spectroscopic samples of individual RGB stars in these objects, and thus the internal kinematics and metallicity properties of their evolved stellar component have started to be explored only relatively recently (see e.g. Fraternali et al. 2009; Leaman et al. 2013; Kirby et al. 2014; Kacharov et al. 2017; Taibi et al. 2018) .
Pinning down the characteristics of isolated LG dwarf galaxies can also inform models that try to explain the LG so-called "morphology-density relation", i.e., the fact that isolated LG dwarf galaxies mostly contain HI gas ("latetypes"), in stark contrast with satellite galaxies of M31 or the MW, which are for the great majority devoid of neutral gas ("early-types").
Historically, LG late-type dwarfs have been divided into dwarf irregulars (dIrrs) and transition-types (dTs)
2 . The dTs contain a neutral gas component but no on-going star formation, so that their properties are intermediate to those of dIrrs and early-types such as dwarf spheroidals (dSphs). Because of this, they have been suggested as an evolutionary link between these two types (see e.g., Tolstoy et al. 2009 ). On the other hand, dTs have also been considered as an extension of dIrrs with low star formation rate (Weisz et al. 2011; Koleva et al. 2013) . It should be emphasised that the morphological classification is generally based on the dwarfs present-day properties, while it has been shown that dwarfs of the same type may have had a different evolutionary past, as derived from their full star formation history (Gallart et al. 2015) . This underlines the importance of referring to dwarf galaxies on the basis of their physical properties.
This work is part of a series of articles in which we make use of spectroscopic data of individual red giant branch stars to improve the observational picture of the properties of the evolved stellar component of isolated LG dwarf galaxies (Kacharov et al. 2017; Taibi et al. 2018, Taibi et al. in prep.) . Here we focus on Aquarius (DDO 210; see Table 1 for a summary of its main properties). It is located near the edge of the LG, at approximately 1 Mpc away from the MW and 1.1 Mpc from M31 (for studies of distance based on RGB stars see van den Bergh 1979; Lee et al. 1999; McConnachie et al. 2005) , and only two galaxies are found within a distance of 500 kpc from it (SagDIG and VV124; Cole et al. 2014 , and references therein). Its free-fall time to the barycenter of the LG is approximately equal to one Hubble time (McConnachie et al. 2006; McConnachie 2012) , which means that it has likely not interacted with M31 or the MW during its lifetime. Moreover, the estimator of the tidal interactions of this galaxy with its closer neighbors is consistent with a system in isolation following the criteria from Karachentsev et al. (2004 Karachentsev et al. ( , 2013 .
The classification of this galaxy has varied: it has been referred to both as a dT (e.g. Mateo 1998; McConnachie et al. 2006 ) and as a dIrr (Cole et al. 2014 , although they recognized its transition properties). Indeed, it shows a higher gas mass to stellar mass fraction with respect to the other systems classified as dTs, like Pegasus or Phoenix (see e.g. McConnachie 2012) . It has a clear UV surface brightness profile (Lee et al. 2009 ) that makes it more akin to systems classified as a dIrr. On the other hand, even though it has experienced a very prolonged star formation history, its star formation rate was higher between 6 and 8 Gyrs ago and has declined during the last 2 Gyrs, being almost null currently (Cole et al. 2014 ).
Stars in this galaxy were resolved for the first time by Marconi et al. (1990) reaching a magnitude of 23.5 in the V band. The stellar component presents a well-defined position angle and an ellipticity varying with radius, becoming more circular in the outer parts (McConnachie et al. 2006) . The young stars (main-sequence and blue-loop stars), which are the least numerous, present a different surface density profile with respect to the older population (RGB and red clump stars). This indicates that the spatial distribution of star forming regions has varied with time (McConnachie et al. 2006) . As for spectroscopy of the evolved stellar component, there are only two studies that have derived l.o.s. velocities and metallicities of individual stars (Kirby et al. 2014 (Kirby et al. , 2017b .
The neutral gas properties are well-determined, showing that the morphologies of HI gas and stars differ (e.g. Young et al. 2003; Begum & Chengalur 2004; McConnachie et al. 2006) . When overlaying the HI contours on optical images of Aquarius, it is clearly seen that they are not coincident (Young et al. 2003) . This is mainly caused by the position of the young stars in the galaxy, shifted a few arcminutes to the east with respect to the center, and coincident with a small cavity in the HI profile as indicated by McConnachie et al. (2006) . Although fewer, the young stars are brighter than the older ones, disproportionately impacting the surface brightness profile. This difference in the stellar distribution is probably causing the variation of ellipticity with radius. Both Young et al. (2003) and Begum & Chengalur (2004) reported a small velocity gradient in the HI gas and, more recently, this was confirmed by Iorio et al. (2017) , who measured the velocity gradient along a P.A. = 77 deg.
Here we present results of our study of the chemical and kinematic properties of the stellar component of the Aquarius dwarf, based on VLT/FORS2 MXU spectroscopic observations in the region of the nIR CaT for a sample of 53 individual red giant branch (RGB) stars. The article is structured as follows. In Sect. 2 we present the data acquisition and observational details. In Sect. 3 we describe the reduction process and the determination of velocities and metallicities for the whole sample. In Sect. 4 we apply selection criteria to identify likely member stars and we perform the analysis of the kinematic properties of Aquarius. In Sect. 5 we analyze the metallicity ([Fe/H]) distribution and explore the possible presence of two different chemo-dynamical stellar populations. In Sect. 6 we discuss the main results and compare with the characteristics of the neutral gas. The summary and conclusions are in Sect. 7.
Observations
The data were obtained in service mode between June and September 2013 as part of the ESO Program 091.B-0331 (PI: G. Battaglia) using the FORS2 instrument at UT 1 of the Very Large Telescope (VLT). The targets were selected to have magnitudes and colors consistent with being red giant branch (RGB) stars at the distance of the Aquarius dwarf galaxy. To that aim, we used Subaru/SuprimeCam imaging data in the Johnson-Cousins V-and I-band by McConnachie et al. (2006) from objects classified as pointsources with high confidence. Slits to which we could not assign likely Aquarius RGB stars were allocated to random objects 3 . To ensure precise slit allocations, we used short pre-imaging exposures obtained with FORS2 within the same program. Figure 1 shows the spectroscopic targets' spatial distribution (left) and location onto the Subaru/SuprimeCam color magnitude diagram (right). We obtained 55 spectra for 53 individual objects distributed over two FORS2 MXU masks, each observed with 10 exposures, for a total of 25h. On average the airmass was around 1.1 and the seeing about 0.9 for one of the two masks (Aquarius 0) and 1.1 for the other (Aquarius 1). We refer the reader to the observing log in A.1 for more details.
We adopted the same instrumental set-up and observing strategy as in Kacharov et al. (2017) and Taibi et al. (2018) (hereafter T18) , where the chemo-dynamical properties of the stellar component of the Phoenix transition type galaxy and the Cetus dwarf spheroidal galaxy have been studied. Mask slits were designed to be 1 wide by 8 long (for two slits, 6 lengths were used to avoid overlap with adjacent slits). We used the 1028z+29 holographic grism in conjunction with the OG590+32 order separation filter to cover a wavelength range between 7700 − 9500 Å. This encompassed the region of the near-IR Ca II triplet (CaT) lines. The spectral dispersion was 0.84 Å pix −1 and the resolving power R = λ cen /∆λ = 2560 at λ cen = 8600Å. Calibration data (biases, arc lamp, dome flat-field frames) and slit acquisition images were acquired as part of the FORS2 standard calibration plan.
Data reduction process and measurements
We adopted the same procedures described in Kacharov et al. (2017) and T18 for the data reduction, as well as for the determination of line-of-sight (l.o.s.) velocities and metallicities.
The optimally-extracted, background-subtracted 1D spectra for each aperture were corrected for zero-point shifts due to the different date of observation, and possible small slit-centering shifts. Furthermore, the wavelength calibration was refined exploiting the presence of numerous OH telluric emission lines.
The refinement to the wavelength calibration was obtained with the IRAF 4 fxcor task, through cross-correlation between a reference sky spectrum and the OH emission Table 1 . Parameters adopted for the Aquarius (DDO 210) dwarf galaxy. P.A. * is the position angle, measured from North to East, of the stellar component, while P.A.HI is the P.A. of the kinematic major axis of the HI component; Vsys and σ * are, respectively, the systemic velocity and velocity dispersion of the stellar component; k and P.A.rot are the velocity gradient of the stellar component and its position angle. All these are measured for the preferred kinematical model of the stellar component (see Sect. 4.2 
References. lines visible in the scientific exposures over the wavelength range 8200 − 9000Å. The corrections ranged from ±1.2 − 16.9 km s −1 with errors ±0.7 − 2.9 km s −1 . The slitcentering correction was calculated by comparing the position of the centroid of each slit with respect to the centroid of the stellar flux. The latter is measured in the socalled through-slit images. If the target is not well-centered on the slit, this causes a velocity offset (systematic wavelength shift) for targets that are smaller or comparable in size to the slit width (Irwin & Tolstoy 2002) . The computed correction ranged from ±0.15 − 8.5 km s −1 with errors ±0.4 − 4.2 km s −1 . The short slit length of the two 6 -long slits prevented a proper calculation of the slit-centering shift. Since the value of the slit-centering correction was found to change smoothly as a function of location on the chip, for these two stars we adopted the slit-centering correction of the adjacent targets. The barycentric correction was obtained using the IRAF rvcorrect task. All the shifts were applied to the individual spectra using the IRAF task dopcor.
The heliocentric velocities, v hel , and equivalent widths (EWs) for the CaT lines were measured on the stacked spectra, obtained from a weighted sum of the individual exposures. Table A .2 lists the S/N per pixel for each star, measured in the CaT region from the stacked spectra; the median S/N per pixel is 26. Figure 2 shows an example of two stacked spectra.
To calculate the heliocentric line-of-sight velocity of the stars we used again the IRAF task fxcor and cross- Kirby et al. (2017b) , yellow diamonds are the stars in common between these two studies, and black crosses correspond to the VLT/FORS2 MXU RGB stars that have been classified as probable non-members of the galaxy. On the left panel, the ellipse has a semi-major axis equal to 3 times the half-light radius of the galaxy, with a position angle of 99
• and ellipticity of 0.5 (see Table 1 ). The black dot represents the galactic center. On the right panel, grey points represent the objects classified with high confidence as stars in the Subaru/SuprimeCam photometric data (34 × 27 ). Magnitudes have been corrected for extinction assuming a uniform Galactic screen and adopting E(B-V) from Table 1 along with reddening law AV = 3.1× E(B-V).
correlated the stacked spectra with an interpolated Kurucz stellar atmosphere model over the wavelength range between 8400 − 8750 . The model was convolved to have the same dispersion as our data, and its parameters were chosen to represent a low metallicity RGB star: log(g) = 1.0,
The CaT EWs were obtained from the continuum normalized stacked spectra, by fitting a Voigt profile to the individual CaT lines, integrating their flux over a window of 15Å and adopting the corresponding error-spectra as the flux uncertainty at each pixel in the fitting process. To obtain estimates of the stars' metallicity ([Fe/H]) we adopted the Starkenburg et al. (2010) relation as a function of the (V-V HB ), linearly combining the EW of the two strongest CaT lines. The errors were calculated by propagation of the EW uncertainties. As a value for V HB we use 25.45 ± 0.20, estimated with photometric data from Cole et al. (2014) ; we verified that adopting the Starkenburg et al. (2010) Rutledge et al. 1997; Carrera 2012) to LG dwarf galaxies (see e.g. Tolstoy et al. 2001; Battaglia et al. 2008) , and tested and calibrated over a broad range of metallicities and stellar ages (see e.g. Battaglia et al. 2008; Starkenburg et al. 2010; Carrera et al. 2013) . Specifically, the validity of the Starkenburg et al. (2010) The spectra of four of our targets, labeled as "C" in Table A .2, contain strong CN bands (see also Kirby et al. 2017b ). For these we closely inspected the results from fxcor, which delivered a well-defined cross-correlation peak. Based on this and given that (i) the velocities of these stars are close to the systemic velocity of the galaxy, (ii) their magnitudes are compatible with belonging to the RGB and (iii) their metallicities do not stand out from the rest, we decided to include them in the final sample because they are not biasing significantly our results. star is compatible within 1σ in both studies. However, the measurements for the other 4 stars suggest the presence of a possible zero-point offset (∼10 km s −1 ) between the two studies. For perfectly derived velocity errors, one would expect the distribution of normalized velocity differences,
, to yield a mean of (0 ± 0.44) and a standard deviation of (1 ± 0.34) for a sample of 5. In this case, the mean and standard deviation are 1.75 and 1.8, respectively, supporting the possibility that the bulk of the velocity differences is not due to random errors. We stress however that, due to the small number of overlapping stars, it is difficult to ascertain whether the only source of these differences is a systematic offset.
Offsets between radial velocity determinations of the same stars from different studies are not unusual. These happen not only when different spectrographs are used (e.g. see Gregory et al. 2019 comparison of FORS2 multislit versus FLAMES/GIRAFFE fibres observations of the Tucana dSph) but sometimes even when the same instrument and configuration mode is adopted (e.g. comparison of Keck/DEIMOS R ∼ 6500 observations of the Triangulum II system, Kirby et al. 2017a ). However, we have validated our data-reduction and analysis procedure in multiple studies that included sub-samples of repeated exposures for the same stars, which yielded consistent results. Since our methodology has not changed, we are confident that internally our velocity determinations are reliable.
As for the metallicities, the FORS2 and DEIMOS measurements agree with each other within 1-2σ for 4 out of 5 stars. Given the different methods used (CaT EWs in one case and spectral synthesis excluding the CaT in the other one), this is very encouraging. Star aqu0c1star11, which is the one that deviates the most in velocity, shows a large deviation in metallicity too. The S/N of the DEIMOS spectra of this star is much lower than the typical S/N of the spectra for the rest of the sample (6Å −1 versus a mean of ∼18Å −1 , with a corresponding dispersion of 5.7Å pix −1 ), while its metallicity error is instead similar to that of the rest of the sample (0.16 dex). It is possible that the error quoted by K17 is underestimated for this star. In support of this statement, we note that there is another star in the K17 sample with a spectrum of S/N = 6Å −1 and that has instead an error in [Fe/H] of 0.45 dex.
Kinematic analysis

Membership
In order to determine the kinematic and metallicity properties of the galaxy, we had to apply selection criteria to discard foreground contaminant stars along the line of sight to Aquarius.
We excluded the stars in two steps. First, we eliminated one star whose magnitude and color is not compatible with RGB stars at the distance of Aquarius. Then, we performed a selection on the basis of the heliocentric velocity of the stars. We adopted | v hel −v hel |≤ 3 MAD(v hel ) as a simple approach to exclude the targets 5 . The estimation of these parameters was an iterative process, fitting the data until convergence, and including the possible presence of rotation (see Sect. 4 .2) at the same time. The data-set was reduced from 52 to 46 targets. We double checked this kinematic selection by applying a Bayesian analysis (see also Sect. 4.2) that solved iteratively the systemic velocity of the system v sys , the velocity dispersion σ v and the bestfitting model for the internal kinematics (dispersion-only or dispersion + rotation). We used this information to calculate the expected bulk velocity at the position of each given star (v bulk ) and retain those targets that fulfilled the condition | v hel − v bulk |≤ 3 MAD(v hel − v bulk ). This process excluded one more star from the sample, giving us a final number of 45 members. A histogram of the velocities for all targets and members is shown in Fig. 3. 
Internal kinematic properties
Wheeler et al. (2017) carried out a systematic analysis of the rotational support of LG dwarf galaxies, based on line-of-sight velocities from literature studies. One of the main aims of the authors was to understand whether the rotational support of the stellar component of LG latetype dwarf galaxies is significantly different from that of dSph satellites of the MW and M31, as would be predicted by the "tidal stirring model" put forward to explain the morphology-density relation of the LG (Mayer et al. 2001 (Mayer et al. , 2006 Kazantzidis et al. 2011) . For a full discussion of the importance of determining the internal kinematic properties of different classes of dwarf galaxies, we refer the reader to, for example, Wheeler et al. (2017) and Ivkovich & McCall (2019) . Here we explore such properties for our VLT/FORS2 sample of Aquarius' stars. Figure 4 offers a first look into this aspect by displaying the heliocentric line-of-sight velocities of Aquarius member stars as a function of the distance from the projected optical minor axis of the galaxy (see Table 1 ): a velocity gradient is clearly visible, with a weighted linear fit yielding a slope of −3.1 ± 1.0 km s −1 arcmin −1 . The systemic velocity and velocity dispersion obtained are v sys = −139.9 ± 1.0 km s −1 and σ v =11.0 km s −1 , respectively. A weighted linear fit to the v hel along the minor axis instead is consistent with no velocity gradient. Therefore there are indications of a mild amount of rotation in this system. We note that Aquarius is an isolated galaxy with a small angular extent on the sky, so that it is highly unlikely that the detected velocity gradient is due to effects such as tidal disturbances or projection effects of the 3D motion of the galaxy across the line-ofsight.
We perform a Bayesian analysis in order to search for the presence of velocity gradients in Aquarius without fixing a preferred axis a priori (for more details on the methodology see T18). The corresponding results are presented in Table 3 . We compare three different models: a dispersiononly model and a model including both random motions and rotation, expressed either as linear rotation or constant (flat) rotation velocity as a function of radius. The free parameters are: the systemic velocity and velocity dispersion in the three models (v hel and σ v , respectively); the position angle (θ) of the kinematic major axis for the two models with rotation; and, in addition, the slope of the velocity gradient for the linear model (k) and the value of the rotational velocity for the flat model (v c ). The results of the three models can be compared in terms of the Bayes factor, i.e. the ratio of the Bayesian evidence of a given model against the other (lnB lin,flat and lnB rot,disp ). On the Jeffrey scale, when the natural logarithm of the Bayes factor is (0-1),(1-2.5),(2.5-5),(5+) it can be interpreted as inconclusive, weak, moderate and strong evidence, respectively.
We find that the linear rotation model is weakly favoured both with respect to the constant rotation model (lnB lin,flat =1.7) and with respect to the dispersion-only model (lnB rot,disp =1.6). The systemic velocity, dispersion and slope of the velocity gradient derived with this approach are, respectively, v sys = −142.2 (−17.6
+5.6 −6.7 km s −1 kpc −1 ), consistent within 1-2σ from the determinations obtained with a weighted linear fit to the velocities along the major axis. The best-fitting position angle of the kinematic major axis is θ ∼ 139 +17 −27 degrees, shifted with respect to that of the projected major-axis of the galaxy, although consistent with it at the 1.5-σ level. In our definition, a negative velocity gradient with θ between 0
• and 180 • implies a receding velocity on the West side (and would be equivalent to a positive gradient with θ = θ + 180
• ). Iorio et al. (2017) find a weak velocity gradient in the HI gas: they measure a rotational velocity of ∼5 km s −1 out to a radius of 1.5 (using the distance they assumed to convert from kpc to arcmin), similar to the rotational velocity we would obtain at approximately the same radius 6 . However, the kinematic major-axis of the HI gas has a P.A. of 77.3 ± 15.2 degrees (receding velocities on the East side), which is misaligned with the kinematic P.A. of the stellar component here examined. In Sect. 4.4 we show that this misalignment is unlikely to be a consequence of the characteristics of the FORS2 data-set, in terms of number statistics, spatial coverage and velocity uncertainties, and in Sect. 6 we discuss the possible origins of this feature, placing it in the context of the complexities of Aquarius's structure and HI properties.
Comparison with other works
We have also applied our Bayesian analysis of the Aquarius internal kinematics to the smaller sample of 25 member stars by K17. This sample consists for the great part of reobservations of stars in Kirby et al. (2014) (the latter work had 27 members, 24 of which are in common with K17).
For the K17 data-set, the comparison between the two rotational models does not clearly favour one over the other (lnB lin,flat = 0.13), and the comparison between the (only slightly) favoured linear rotation model against the dispersion-only one is lnB rot,disp = 0.28. Therefore, the presence of rotation cannot be proven conclusively from the K17 sample (see also Sect.4.4). The lack of constraining power of the DEIMOS sample in terms of rotation signal is also consistent with the analysis by K17, who only placed a 95% confidence limit of a constant rotational velocity to be <9 km s −1 . The presence of rotation in Aquarius has also been studied in Wheeler et al. (2017) using the Kirby et al. (2014) data-set. The authors applied a similar Bayesian statistical analysis to ours, comparing a dispersion model, a constant rotation model and a rotational model considering a radially varying pseudo-isothermal sphere. They found lnB lin,flat = −1.00 and lnB rot,disp = 0.62. The (only weakly) favoured model is the flat rotational model, although the Bayesian evidence on the presence of rotation is inconclusive.
We have also applied our method to the sample of Kirby et al. (2014) and found similar results to Wheeler et al. (2017) (lnB lin,flat = −1.74 and lnB rot,disp = 0.97), despite the difference in one of the rotational models. We also recover closely the values of the best-fitting parameters as in Wheeler et al. (2017) . We note that the K17 data-set gives the same results as the Kirby et al. (2014) sample, apart from a shift in systemic velocity.
Mock tests
We have performed a series of tests on mock catalogues in order to understand what type of rotational properties can be detected, given the characteristics of the data-sets in hand. To this aim, we have produced sets of mock l.o.s. velocities at the same position as the spectroscopically observed stars, which we have analyzed as for the actual data. These were extracted from Gaussian distributions centered on a v rot,mock and with standard deviation equal to the l.o.s. velocity error corresponding to that given star. The v rot,mock at a (x, y) position are obtained from the given rotational model under consideration (linear or flat), having v rot,mock /σ mock = n = 1.5, 1.0, 0.75, 0.5, 0.25, 0 at twice the half-light radius (see Table 1 ); the velocity dispersion σ mock was fixed to 10 km s −1 for all cases. The simulated linear rotation models correspond to velocity gradients k = 6.8, 4.5, 3.4, 2.3, 1.1 and 0 km s −1 arcmin −1 , while the constant rotation models had rotational velocities v c = 15, 10, 7.5, 5.0, 2.5 and 0 km s −1 . All the cases have been simulated for three different position angles which correspond to the P.A. of the projected semi-major axis of the stars (99 • ), then adding 45 and 90 degrees (semi-minor axis). Each case was simulated N = 1000 times. The experiments have been run both for the FORS2 MXU and the K17 samples; the Bayes factors for each n value, position angle and model are shown in Fig. 5 .
Results from the tests indicate that rotation can be detected with at least a weak positive evidence when along the optical major axis of the galaxy for n ≥ 0.75 for the FORS2 data-set and n ≥ 1 for the K17 sample. Both data-sets have a similar sensitivity to the direction of rotation and model type in terms of ranking, with the FORS2 sample yielding larger evidences for a given model, and therefore a better capability to detect rotation at a given n. The data-sets under consideration are not sensitive to the presence of small levels of rotation (n ≤ 0.5 for FORS2, n ≤ 0.75 for K17), since these return either inconclusive evidence or even a weak evidence disfavouring the presence of rotation. In the dispersion-only case (n = 0) both samples favour this model versus the two models that include rotation, showing that there is no bias towards the rotational models.
In terms of strength of the evidence (see Fig. 5 ), the value derived for Aquarius stars observed with FORS2 appears compatible with a linear gradient, but not with a flat rotation model. This result could be a consequence of the fact that dwarf galaxies typically have slowly rising rotation curves, which do not always reach their flat part at the last measured point, as it can be appreciated from the kinematics of the HI component (e.g. Oh et al. 2015; Iorio et al. 2017) .
The underlying rotation could have rotational support n = 1.5 along the minor axis or intermediate P.A., n = 1 along the intermediate axis or the major axis, or n = 0.75 along the major axis. For the K17 sample, the evidences in favour of one or the other rotational model are not so different from each other, and therefore a distinction does not appear possible. However, in terms of compatibility between observed Bayes factor and levels of n and direction of the gradient that might induce it, the outcome is similar to that of the FORS2 sample.
From our tests on the mock catalogues, we also extract the information on how well the kinematic major axis P.A. and the rotational velocity at a given radius are recovered for the various n (see Fig. 6 ). The initial values are always retrieved within the 99% confidence interval (C.I.), with a small bias towards underestimating the rotation when the kinematic major axis is along the optical minor axis. Also in terms of amplitude of the rotational velocity, the favourite models would be those with n ≥ 0.75.
It should be noted that the P.A. of the kinematic major axis for the observed RGB stars is beyond the 99% C.I. of that retrieved for the models with kinematics similar to that exhibited by the HI gas, indicating that the misalignment/counter-rotation of the stellar component and HI gas is not due to number statistics, spatial coverage and measurement errors of our FORS2 data-set.
Metallicity properties
The [Fe/H] values obtained for all FORS2 targets are listed in Table A.2 7 . We derive the median of the metal-A&A proofs: manuscript no. aquarius_v2_referee licity distribution of all members of Aquarius to be [Fe/H] = −1.59 ± 0.05 dex. This is compatible with the average value of <[Fe/H]>= −1.50 ± 0.06 dex by K17 and places Aquarius straight onto the luminosity-metallicity relation for Local Group dwarf galaxies, as can be seen in Fig. 7 . The spread measured as the MAD is 0.20 dex, while the intrinsic dispersion, taking into account the measurement errors, assuming a Gaussian form for the metallicity distribution function (MDF) is 0.25 dex. This value is at the low end, but still compatible, with the [Fe/H] dispersion of other Local Group dwarf galaxies (e.g. Leaman et al. 2013 ).
Figure 8 shows the variation of [Fe/H] as a function of the elliptical (left) and circular (right) radius
8 . In this figure we include also the points from K17 since we have verified that their metallicity distribution function compares well 8 We call "elliptical radius" the semi-major axis of the ellipse that passes through the (x, y) location of a given star and that has center, ellipticity and P.A. as in Tab. 1; the "circular radius" is instead simply (x 2 + y 2 ) 1/2 . Here x and y are the star's projected celestial coordinates.
with that from our FORS2 sample, as in general do the individual [Fe/H] measurements for the stars in common.
It has been shown in the literature that a linear fit does not always fully capture the trend of spatial variations in the metallicity properties of Local Group dwarf galaxies: e.g. in some systems, a decline in the mean metallicity properties is followed by a flattening in the outer parts (see e.g. Sextans, Battaglia et al. (2011) ; Cetus, T18). Therefore we adopt more flexible ways to determine the general trend as a function of radius, i.e. a running median and a Gaussian-process (GP) regression. In order to take into account the effect of measurement errors (as well as of the intrinsic scatter), we obtain 1000 MonteCarlo realizations of the individual metallicities, extracting them from Gaussians centered at the observed values and with dispersion given by the metallicity errors (added in quadrature to the intrinsic scatter in the MDF). In the case of the GP regression, we use a Gaussian kernel together with a noise component to take into account the intrinsic scatter of the data. This latter method has the advantage to not depend on a fixed boxcar, like the running median, and the output has a probabilistic meaning. In both cases, the presence of a very mild negative metallicity gradient can be appreciated. This is also seen when considering the run of the metallicity as a function of circular radius (not corrected by the ellipticity). There are hints of a flattening of the slope at large radii, however the current sample size does not allow to place this on a firm ground. We have verified that considering only the FORS2 sample would lead to a very similar trend from the running median or the GP analysis.
Since the GP analysis returns a trend similar to a very simple linear relation, we perform a simple Bayesian linear regression, including an intrinsic scatter term, to estimate the significance of the metallicity gradient. The resulting cumulative posterior distribution of the slope of the metallicity gradient indicates that the possibility of no-gradient is within 96% (∼ 1.75σ) and 94% (∼ 1.55σ) of the distribution, when considering the elliptical radius and the circular radius, respectively. So, while there are indications of a gradient, with this data-set we cannot exclude a flat trend within 2-sigma in both cases.
From an observational point of view, should the presence of a metallicity gradient in an isolated dwarf galaxy such as Aquarius be strengthened in the future with larger data-sets, it would lend further support to the hypothesis that negative metallicity gradients in Local Group dwarf galaxies are not to be ascribed to interactions with the large Local Group galaxies (see e.g. the case of VV 124 and Phoenix, Kirby et al. 2012; Kacharov et al. 2017) . Factors such as the dwarf galaxy's star formation history, gravitational potential and rotational versus dispersion support, as well as specific accretion events, are indeed expected to contribute in producing metallicity gradients (e.g. Marcolini et al. 2008; Schroyen et al. 2013; Benítez-Llambay et al. 2016; Revaz & Jablonka 2018) . As for satellite galaxies, it is possible that effects such as tidal and ram-pressure stripping of the gaseous component could modify the strength of such gradients, exacerbating them depending on the infall time onto the host halo versus the time when star formation ceased, or on the contrary blurring them in the case of strong tidal interactions (Sales et al. 2010) .
We defer to a future study the analysis of the possible correlations between rotational support and spatial variations of the metallicity properties of Local Group dwarf galaxies (Taibi et al. in prep.) , along the lines of the work by Leaman et al. (2013) .
The possible presence of a metallicity gradient has led us to look for sub-populations with different chemo-kinematic properties. We divided our data-set into a metal-rich (MR) and a metal-poor (MP) sample based on the median [Fe/H] value of the entire set (22 and 23 stars, respectively). We performed then a Bayesian maximum likelihood analysis (as done in Sect. 4.2) on both samples; the resulting parameters and evidences are reported in Table 3 . We can see, independently from the fitted kinematic model, that the velocity dispersion values for the two samples are at ∼2σ from each other. We also note that the evidences of rotation have decreased, due to the low number of targets in each set. This tentative result of a spatially concentrated metal-rich population with a lower velocity dispersion compared to a spatially extended metal-poor one with a higher dispersion value, adds to what is already found in several other dwarf galaxies of the LG (e.g. Tolstoy et al. 2004; Battaglia et al. 2006 Battaglia et al. , 2008 Amorisco & Evans 2012; Breddels & Helmi 2014; Taibi et al. 2018) . However in our case we would benefit from a larger sample in order to place stronger constraints on the velocity dispersion of the MR and MP stars.
Discussion
In Fig. 9 we compare the structural and kinematic properties of the HI and stellar component of Aquarius. Iorio et al. (2017) found a weak velocity gradient in the HI gas, of amplitude not dissimilar to what we measure for Article number, page 9 of 15 A&A proofs: manuscript no. aquarius_v2_referee (Iorio et al. 2017 ) and stellar (this work) velocity field. Left-hand panel: Voronoi-binned stellar velocity field (SNR∼ 3, see text for details); the gray contours show the HI surface density at 0.6, 1.2, 1.8, 2.4 M /pc 2 , the lowest contour is at 3σ above the noise (also shown in the middle and right-hand panels). Middle panel: HI velocity field. Right-hand panel: Pixel-to-pixel difference between the stellar and HI velocity field; the small ellipse in the bottom right corner shows the beam of the HI observations. In the first two panels the circles represent the stars in our sample: the color indicates their v hel and their size is proportional to v hel /δ v hel . In each panel the dashed ellipse is the same as Fig. 9 , while the solid ellipse shows the P.A. and the inclination obtained through the analysis of the HI kinematics disc by Iorio et al. (2017) . The cross indicates the galactic center (see Table 1 ). Table 3 . Parameters and evidences resulting from the application of the Bayesian analysis to the whole FORS2/MXU sample of members, as well as divided in metal-rich (MR) and metal-poor (MP) samples. We note that the systemic velocity of the HI gas is −140 km s −1 (Iorio et al. 2017) , perfectly compatible with our values. the stars at comparable radii, but with a kinematic majoraxis of P.A. = 77.3 ± 15.2 degrees (in their definition this implies receding velocities on the East side). This velocity gradient is misaligned and counter-rotating with the kinematic P.A. of the stellar component, as well as with the P.A. of the surface density maps of the stellar and HI components (see ellipses in Fig. 9 ).
It is possible that the P.A. of the optical component is affected by the (small fraction) of bright young stars in Aquarius. On the other hand, Iorio et al. (2017) note that the HI map is quite peculiar with iso-density contours that are not elliptical. In fact, judging from Fig. 9 , the density map of the HI component appears to have a P.A. of ∼130-140 degrees and there appears to be HI missing in the S-E quadrant around that position angle (see also McConnachie et al. 2006) . This might raise the question of whether, should HI have been present in this region, the kinematic P.A. of the HI component could be reconciled with the kinematic P.A. of the stars.
Nonetheless, it is clear that the HI gas and the RGB stars appear to counter-rotate, with the former having the most negative velocities on the West side, while the latter displaying them on the East side. In Sect. 4.4 it was established that should the underlying kinematic properties of Aquarius stellar component be like the HI gas, there would be less than 1% probability of measuring the observed misalignment between the HI and stellar kinematic major axes.
In Fig. 9 we compare directly the stellar (left-hand panel) and HI (middle panel) velocity fields. In order to make a pixel by pixel comparison of the velocity fields, we binned the Aquarius FORS2 members using the same pixel size of the HI map (1.5 arcsec). Then, we applied a Voronoi binning technique increasing the Poisson signalto-noise of each bin to 3 (≈ 9 star per Voronoi bin). The resultant velocity field for the stars is shown as coloredareas in the left-hand panel of Fig. 9 . The presence of a velocity gradient is obvious, approximately along the stellar major axis in agreement with the results obtained in Sec. 4. The right-hand panel of Fig. 7 shows the pixel by pixel difference between the stellar (left-hand panel) and the HI velocity field (middle panel). The velocity difference is approximately 5 km s −1 along the HI P.A. and reaches ≈ 10 km s −1 close to the East and North-West edges of the HI disc.
This phenomenon of counter-or misaligned rotation of two different components of a galaxy has been already observed in the Local Group dwarf galaxy NGC 6822 (Demers et al. 2006 ) and systems outside the Local Group. The first event of counter-rotation was reported by Bettoni (1984) when studying the stellar and gas kinematics of six elliptical galaxies. It could be related to mergers with other galaxies that may have determined the internal evolution of the systems, to internal instabilities (Evans & Collett 1994) or to accretion of the gas, which should have produced star formation, so two different stellar populations can be differentiated (Pizzella et al. 2004) .
Recently Starkenburg et al. (2019) tried to understand the origin of such counter-rotation using a large sample of low mass galaxies (M ∼ 10 9 − 10 10 M ) from the Illustris simulations. They found that only ∼1% of their sample showed signs of star-gas counter-rotation at the present time, when considering discs and spheroids together. The origin of counter-rotation was ascribed to a significant episode of gas-loss followed by the acquisition of new gas with misaligned angular momentum. They identified two main mechanisms for the gas removal: internally induced by a strong feedback burst or environmentally induced by a fly-by passage with a large host causing the gas stripping. On the other hand they found no significant relation between the counter-rotation and the presence of a major merger event. Taking into account the extreme isolation at which Aquarius is found, the hypothesis of the internally induced counter-rotation seems appealing. In Starkenburg et al. (2019) , galaxies exhibiting counter-rotation were predominantly found among dispersion dominated systems. Given that in general Local Group dwarf galaxies in the Aquarius stellar mass range are not rotation supported, it is possible that in this regime the overall fraction of galaxies that could have experienced events resulting in counterrotation of gas and stars could be larger than the 1% estimated in Starkenburg et al. (2019) . Iorio et al. (2017) find signs of a possible inflow/outflow of gas in Aquarius, as an extended region of HI emission along the minor axis not connected with the rotating HI disc. We postulate that in general the kinematics of the HI component in Aquarius might be dominated by recently accreted gas, while the RGB stars, which according to the Cole et al. (2014) SFH are likely to be dominated by ∼8 Gyr old stars, are tracing the kinematic properties as they were imprinted a much longer time ago along a different kinematic axis.
Summary and conclusions
We present an analysis of the kinematic and metallicity properties of the isolated Local Group dwarf galaxy Aquarius. The data-set consisted of VLT/FORS2 MXU spectro- The systemic velocity derived for Aquarius is −142.2 ± 1.8 km s −1 , in agreement with prior determinations from samples of individual stars (Kirby et al. 2017b) and also fully consistent with that of the HI component (Iorio et al. 2017) .
We find the internal kinematics of Aquarius to be best modelled by a combination of random motions (with l.o.s. velocity dispersion = 10.3 On the other hand, the HI gas has a weak velocity gradient of comparable amplitude but along an axis with P.A.= 77.3 ± 15.2 degrees (Iorio et al. 2017 ). According to the definitions used in this work, this implies counterrotation of the stellar and HI component.
We have run a set of mock tests to better understand the rotational properties that can be derived from the FORS2 data. The results of these tests indicate that such misalignment is not the result of the characteristics of our FORS2 data (number statistics, coverage, measurement errors). A direct comparison of the stars and HI velocity fields lends further support to the detection of such counter-rotation.
We speculate that the kinematics of the HI is dominated by recently accreted gas which is not tracing the kinematic properties of the RGB stars, the bulk of which are likely to have formed ≈8 Gyr ago (Cole et al. 2014 ) (although the observed sample is likely to be biased towards younger stars; Manning & Cole 2017) . Possibly, this HI gas could simply be gas within Aquarius which was affected by particularly strong episodes of internal stellar feedback, rather than having been recently acquired from the intergalactic medium.
Finally, we have characterized the metallicity properties of Aquarius. The median metallicity ([Fe/H]= −1.59 ± 0.05 dex) indicates that it is a metal-poor galaxy, in agreement with the results from Kirby et al. (2017b) . We have analyzed the distribution of the metallicities as a function of radius, characterizing them through a running median and a Gaussian process regression; this has shown the presence of a very mild negative metallicity gradient, with the more metal-rich stars found in the innerparts of the galaxy. Should the presence of such a gradient be confirmed with larger data-sets, it would add to the number of isolated Local Group dwarf galaxies that display negative metallicity gradients and live in an environment where interactions with the large LG spirals cannot be invoked to explain these properties. the results for the 53 target stars in the line-of-sight of Aquarius. The columns represent, from left to right: name, RA-DEC of the targets; derived heliocentric line-of-sight velocity and its error; S/N ratio; V and I magnitude of the stars and its error (obtained from McConnachie et al. (2006) ), and the metallicity with its error. In the last column "K" indicates the targets in common with Kirby et al. (2017b) , "rep" indicates the stars that have been measured twice (the results have been combined for the two repeated stars, note that aqu1c1star13 and aqu1c1star17 are missing), "C" indicates the stars containing strong CN bands; "N" indicate the stars excluded from the analysis (non-members). 
